We demonstrate collective atomic recoil motion with a dilute, ultracold, degenerate fermion gas in a single spin state. By utilizing an adiabatically decompressed magnetic trap with an aspect ratio different from that of the initial trap, a momentum-squeezed fermion cloud is achieved. With a single pump pulse of the proper polarization, we observe, for the first time, multiple wave-mixing processes that result in distinct collective atomic recoil motion modes in a degenerate fermion cloud. Contrary to the case with Bose condensates, no pump-laser detuning asymmetry is present.
Collective atomic recoil motion involving an internally generated electromagnetic field, also known as matterwave superradiance [1] , is an intriguing process in which a group of atoms in the same electronic state recoils coherently under the excitation of a single laser pulse. Such collective center-of-mass recoil motion modes were first observed by illuminating an elongated Bose-Einstein condensate with a red-detuned, long duration laser pulse of the proper polarization. The resulting atomic scattering pattern was distinctive and highly regular [1] . Since that seminal study it has been argued [1] that the underlying physics of this intriguing process is the scattering of pump photons by a spontaneously generated, matter-wave grating that grows due to positive feedback in the presence of the pump laser [2] . Recently, however, an analytic, smallsignal theory [3] has shown that the propagation growth of the scattered field can significantly impact the superradiance process. In a subsequent experimental study [4] with condensates, an efficient suppression of matter-wave superradiance was reported when a blue-detuned pump laser was used. To explain the unexpected pump-laser detuning asymmetry it was postulated [4, 5] that the genesis of matter-wave superradiance is fundamentally a multimatter-optical wave-mixing and propagation process. It was shown that with condensates the ultraslow group velocity of the generated field [3] leads to the coherent buildup of an optical-dipole potential [4, 5] that modifies the condensate's structure factor [6] , impacts the scattering rate at early times, and results in the pump-laser detuning sign asymmetry.
To date, collective atomic recoil motion by superradiant scattering has only been demonstrated with bosons. The question of whether or not it would be observable with fermions naturally arose, and several theoretical studies based on the matter-wave grating picture have already addressed this issue [7] [8] [9] . Experimentally, Yoshikawa, Torii, and Kuga [10] showed that collective scattering occurs in a thermal, nondegenerate Bose gas. However, the spatial indistinguishability of components scattered from the thermal bosonic cloud with a large momentum spread required the use of spin-flip Raman scattering for state-sensitive probing. While this experiment implies that quantum statistics are not important, matter-wave superradiance has not been directly shown to occur with fermions which obey Fermi-Dirac statistics where atoms cannot occupy the same state because of the Pauli exclusion principle. Furthermore, while it has been shown that the multi-matter-optical wave-mixing process leads to matterwave superradiance in Bose condensates, to date there has been no experimental evidence of superradiant wavepropagation effects in fermionic systems.
In this Letter we report the first experimental evidence of collective atomic recoil motion in a momentum-squeezed, degenerate fermion gas where the mechanism of bosonic stimulation is obviously absent. We present clear evidence of multiple wave-mixing and propagation processes that lead to multiple collective atomic recoil motion modes. This supports the notion that matter-wave superradiance arises naturally when the atomic center-of-mass motion is included in a nonlinear optical wave-mixing process [3] [4] [5] . We further demonstrate that, as predicted in Ref. [4] , the red-blue pump-laser detuning asymmetry observed with a Bose condensate is not present. To the best of our knowledge this is the first collective atomic recoil motion and wave-propagation experiment using a momentumsqueezed, degenerate fermion gas. We note that matterwave superradiance has been considered for highly sensitive matter-wave interferometers, matter-wave amplifiers, and quantum information processors based on ultracold atoms. It is therefore important to better understand this intriguing process and its manifestations in different quantum gases. 40 K atoms. The magnetic trap is then decompressed adiabatically to a different aspect ratio, and this results in a momentumsqueezed fermion cloud because there is no thermalization mechanism for the pure sample of 40 K atoms. Next, we apply a linearly polarized (alongx) laser pulse along thê y direction [ Fig. 1(a) ]. The magnetic trap is then turned off and linearly polarized probe light propagating along thê x axis is used to detect the cloud's momentum distribution after a time-of-flight (TOF) sufficient to allow spatial separation of the different momentum components.
Experimentally, we first analyze the momentum distribution of the pure 40 K cloud before adiabatic expansion by turning off the magnetic trap and imaging the freely expanding cloud at different TOFs [see Fig. 1(b) ]. After a 20 ms TOF, the size of the fermion cloud (variance of a Gaussian fit) becomes symmetric in the y and z directions with a spatial extent of about Áy ' Áz ' 195 m. This corresponds to a momentum spread of
, and an intrinsic coherence time of y;z % 40 s (calculated using twice the variance). Because the initial momentum spread is above @k L , it would be difficult to unambiguously resolve the collective atomic recoil motion modes. In addition, Pauli blocking may also affect the scattering efficiency because of potential overlap of the initial and final momentum states.
In order to reduce the momentum spread and the effect of Pauli blocking, we subject the atomic cloud to a controlled adiabatic expansion. This critically important step creates a momentum-squeezed, anisotropic degenerate fermion gas that permits unambiguous identification of collective atomic recoil motion modes. Specifically, after the removal of all 87 Rb atoms, we adiabatically relax the magnetic trap for 3 seconds such that at the end of the process the trapping frequencies are ! x =2 ¼ 66 Hz, ! y =2 ¼ 33 Hz, and ! z =2 ¼ 17 Hz. After being released from the adiabatically expanded trap it is observed that the momentum spread of the gas mirrors the spatial distribution of the cloud. The result is an elongated, ultracold, momentum-squeezed, degenerate fermion cloud [14] that expands slowly with a nearly fixed aspect ratio [ Fig. 1(c)] . A Gaussian fit of the absorption image after a 20 ms TOF reveals a very cold fermion cloud with Áy % 68 m. Now the momentum spread of the gas in the primary scattering y direction is p y % 0:65@k L , permitting clear identification of the scattered and nonscattered fractions because these components will have negligible overlap in momentum and position space after the TOF (note that low-momentum-transfer scatterings may still be impacted by Pauli blocking). The corresponding intrinsic coherence times are y % 247 s, and z % 42 s. In the y direction the grating coherence time is % 9:2 s.
Physically, coherent light scattering results in an internally generated electromagnetic field that contributes to the collective atomic recoil motion. Thus, the generation and propagation of this new light field play an important role in matter-wave superradiance. When the familiar description of nonlinear optical wave-mixing and propagation processes [15] are generalized to include atomic recoil motion, matter-wave superradiance arises naturally. Inside the medium excited by the pump laser, photons are first scattered by the usual spontaneous Rayleigh scattering process [15] . These photons are the seed fields that grow coherently in the presence of the pump laser. In the case of a Bose condensate, coherent field growth along the long axis dominates because of the condensate's intrinsically high density and long coherence time. However, for a momentum-squeezed, degenerate fermion gas in a shallow trap, coherent-wave generation can occur in more general directions, but with significantly smaller gain than with condensates because of the intrinsically lower atomic density and shorter coherence times. For such a low-density medium the competition between coherence time and optical density along the wave-propagation direction is critically important to the coherent buildup of the generated field. Figure 2 (b) is a TOF image of the momentum distribution of the degenerate fermion gas after interacting with a pump-laser pulse. Three distinctive collective atomic recoil motion modes can be clearly identified [see inset in Fig. 2(b) ] that bear a strong resemblance to the familiar forward-scattered (þ y direction, 2@k L momenta) and AE45 (y AE z directions, AE ffiffiffi 2 p @k L momenta) components that one observes with Bose condensates. In the case of condensates, these scattering components are the result of coherent field propagation growth along the Çz directions, and subsequent sequential matter-wave mixing of these first-order components that generates the 2@k L component [1] . However, when coherent propagation growth is important in the degenerate fermion cloud, the scattering efficiency in any direction in the y-z plane is determined by a competition between the effective density, the propagation distance, and the coherence time along the direction of the scattered field. (For atoms scattered out of the original fermion cloud, Pauli blocking is not important.) In our case, we found that the paired components are at % AE39 with respect to the y axis, instead of the usual ¼ AE45
. We believe that this occurs because the coherence time decreases rapidly as the scattering direction swings from the y axis toward the AEz axis, with the AEz directions having the shortest coherence time. The competition between the increase in the propagation distance and the decrease of the coherence time results in a locally optimized scattering efficiency at an angle that is smaller than 45 . Indeed, it is clear from Fig. 2(b) that there are more scattered atoms in the regions between the two 39 components than there are in the regions between the z axis and the 39 components. The presence of these modes and the different scattering angle support the matter-optical, wave-mixing, and propagation theory [3] .
The explanation of the forward-scattered component is slightly more complicated than that for the AE39 components. First, we note that it is unlikely that the forwardscattered component shown in Fig. 2(b) is due to a sequential, second-order process of AE39 scattering because such a higher-order scattering must involve a second-order interaction of the weak generated field. More importantly, if such a higher-order process were occurring, there would necessarily be higher-order scattering components in the same AE39 directions, as well as a forward component with more than 2@k L of momenta. Lack of these higher-order momentum components indicates that such a second-order process is not present. However, the forward component, which is located at % 390 m from the host cloud (a 2@k L kick corresponds to 396 m for a 40 K atom), can be explained by a firstorder, wave-mixing process in which an atom absorbs a pump photon traveling in the þy direction and subsequently emits a photon in the Ày direction. Experimentally, we took great care to avoid overlapping the fermion gas with any reflection of the pump light from the exit facet of the cell because such a weak reflection could serve as a seed laser for efficient Kapitz-Dirac scattering [16, 17] , leading to forward-and backwardscattered components. The fact that no backscattered component was detected in either Fig. 2(b) or the raw images suggests that the Kapitz-Dirac scattering mechanism was not present. It is thus more probable that the forward component results from a matter-optical-mixing process occurring simultaneously along the y axis [18] . In fact, because this direction has the longest coherence time, we initially expected to observe only this forward-scattered component [see Fig. 1(c) in Ref. [7] ].
In Fig. 2(c) we show the integrated optical density distributions of the 0@k L , 2@k L , and 2@k L cos components. The Gaussian fits show that the momentum spread of each scattered component is comparable to that of the stationary fermion cloud. This strongly suggests that the collective atomic recoil motion modes have a high degree of coherence, as would be expected from a matter-optical, wave-mixing, and propagation process.
In Fig. 3(a) we show the scattering efficiency of the ¼ þ39 component as a function of pulse duration for two different pump powers. The steep rise in the scattered fraction for high pump intensities signals the threshold of the collective atomic recoil mode. These data are consistent with observations in Bose-condensed gases [1] . For high pump powers the scattering efficiency rises rapidly, but then is followed by a drop of about 40% as the pulse duration increases. A similar drop in efficiency for higher pump powers was also observed with Bose condensates [1] , and has already been predicted in numerical studies of superradiance [19] .
Finally, we investigated the effect of the sign of the pump-laser detuning on the scattering. A recent experimental study [4] has revealed an efficient suppression of collective atomic recoil motion with Bose condensates pumped by a blue-detuned laser. The key characteristics of Bose condensates that lead to this pump-laser detuning asymmetry are their intrinsically long coherence time and high density, which result in the generation of a growing optical-dipole potential. In the present case, however, because of the much lower density and much shorter coherence times, the gain for the generated field is much smaller and the effect of any induced optical-dipole potential would be negligible. Indeed, Ref. [4] predicted that in a fermion system the scattering efficiency should be independent of the sign of the pump-laser detuning. Figure 3(b) is a plot of the ¼ þ39 scattered fraction as a function of pump-laser duration for both red and blue detunings with a fixed pump power. These data, which are consistent with measurements taken at other detunings in the range of 150 MHz <jj=2 < 600 MHz, clearly show that the red-blue, pump-laser detuning asymmetry observed in Bose condensates is absent. We also note that possible lensing effects due to density inhomogeneity of the fermion gas is small.
In conclusion, we have demonstrated collective atomic recoil motion in a momentum-squeezed, degenerate fermion gas, and have shown that quantum statistics are not critical in the generation of these collective modes. We observed two off-axis collective recoil modes, and demonstrated the importance of field propagation effects.
In contrast to Bose-Einstein condensates, we have shown that the scattering process with fermions is symmetric with respect to the sign of pump-laser detuning. We believe that this work, and our previous studies [3] [4] [5] , show that matterwave superradiance arises naturally from nonlinear optical wave-mixing and propagation processes when the atomic center-of-mass motion is included. The occurrence, and even the high growth characteristics, of matter-wave superradiance can be explained in this light. The experiments reported here have opened the possibility of studying matter-wave mixing and amplification with fermions.
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